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Renewables are 46% in the Brazilian energy matrix, while the world scenario differs from this context to use only
13% of these resources. The biomass conversion using bioprocess has great potential to be applied in Brazil due
to its large agroindustry which can produce a variety of feedstocks and byproducts that can be converted into
biofuels and chemicals. The production of first-generation ethanol using sugarcane is a conventional technology in
Brazil. This ethanol is the most competitive in the world, and Brazilian production reached 23.64 billion L in
2012/2013 season. Sugarcane bagasse generated from ethanol production and other biomasses obtained from
forest and wood industries, crop residues, and grasses can be deconstructed to obtain sugars. These sugars may be
bioconverted into second-generation ethanol and chemicals. Biodiesel is another biofuel that has been produced in
Brazil. Although the commercial route to obtain biodiesel uses chemical conversion, there are researches investigating
the biochemical route. Furthermore, some topics about microalgae use for biofuels are introduced. Therefore, this paper
has the aim to present bioprocesses used in bioenergy production and the Brazilian overview on the conventional
technology of first-generation sugarcane ethanol production. Moreover, bench studies and demonstration facilities that
have been developed in the country regarding the advanced technologies are presented.
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Brazil is a continental country and, for this reason, has dif-
ferent kinds of climate, soil, and rainfall conditions, which
enable the production of diverse agricultural cultures that
have shown significant increasing over the last years.
These cultures and the byproducts and residues generated
during their production chain allow this country to obtain
a variety of commercial products that are used in different
industrial sectors such as food, cosmetic, pharmaceutical,
beverage, oleochemical, bioproducts, and biofuels.
The conversion of any type of raw material to end
products can be carried out using physical, biochemical,
or chemical process. The unit operations and unit pro-
cesses employed in biochemical and chemical process
are similar. However, the main differences between them
are the use of living systems and milder conditions of
temperature and pH by the former [1,2].* Correspondence: monica.damaso@embrapa.br
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in any medium, provided the original work is pIn bioprocesses, enzymes, microorganisms, mamma-
lian or plant cells, wild or recombinant, can be used to
convert feedstocks into useful products of great interest
to society [1,3]. These products can be antibiotics, bio-
fuels, protein, and sugar hydrolysates, enzymes, vaccines,
biopesticides, beverage, organic acids, and others. In
some cases, the bioprocesses are the only alternative to
obtain some of them or are extremely advantageous
when compared to routes involving chemical synthesis.
Notwithstanding biochemical processes can be used in
different industries, this manuscript emphasizes only
bioprocesses used to obtain biofuels and bioproducts
from biomass to energy and focus mainly in the Brazilian
scenario.
The technologies applied to convert raw materials into
end products can be divided in conventional and ad-
vanced technologies. The latter can be carried out in
process of validation or in bench or pilot-scale develop-
ment. These concepts can also be applied in the bioe-
nergy sector [4]. Regarding the researches in Brazil, four
processes will be highlighted: first-generation ethanolan Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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construction, biodiesel production by enzymatic route,
and biofuels from microalgae. Sugarcane ethanol is clas-
sified as conventional technology, whereas the others are
advanced.
Although information about these processes in Brazil
is available, seldom, some of them are published inter-
nationally through a technical overview. Therefore, this
paper has the aim to present a bioenergy Brazilian over-




Today, ethanol is the main biofuel used in the world
with ever-increasing opportunity for expansion of pro-
duction and consumption. Brazil is the second largest
producer of ethanol in the world [5], using mostly sugar-
cane as feedstock, which from the economic, environ-
mental, and energy points of view, represents the best
alternative for this biofuel production [6,7]. Three hun-
dred eighty-nine Brazilian mills and distilleries crushed a
total of 589 million tons of sugarcane and produced
23.64 billion L of ethanol as well as 38.34 million tons of
sugar in 2012/2013 season. The estimate for the 2013/
2014 season is 27.17 billion of liters, a growth of almost
15% [8].
The progress of the Brazilian ethanol industry has
been based on private and public sector investments
during the last 40 years, leading to an upright path of
innovation, diffusion, increased productivity, and low-
ered agricultural and industrial production costs [9].
Furthermore, in the last years, there has been significant
diversification in the composition and origin of the
capital invested in this industry. Originally, almost exclu-
sively based on family businesses, currently, capital invest-
ments are being made by a range of companies (Cosan,
Costa Pinto, Guarani, Nova America, and Sao Martinho)
as well as by strategic national (Votorantim, Vale, Camargo
Correa, Odebrecht, Petrobras) and foreign investors [10].
The latter group includes investors such as Tereos (Lille,
France), Louis Dreyfus (Rotterdam, Netherlands), Cargill
(Minneapolis, MN, USA), Abengoa (Seville, France),
Pantaleon Sugar Holdings (Guatemala Ciudad, Guatemala),
Noble (Gloucester Road, Hong Kong), Clean Energy
(Houston, TX, USA), Shree Renuka (Mumbai, India),
Infinity Bio Energy (São Paulo, SP, Brazil), and Sojitz
(Tokyo, Japan). In 2012, international groups reached
25% share in production, up from zero in 2000 and 12%
in 2008/2009 [11,12].
Ethanol production from sugarcane as shown in
Figure 1 is a very well established process with few differ-
ences between plants, mostly in the type and quality of
equipment, operational controls, and especially in themanagement level [13]. In the beginning stages of this in-
dustry in Brazil, it had an overall efficiency of 66%; today,
it reaches over 86% on average. With such high levels of
performance already achieved, and taking into account
that the industrial sector represents only 29% of the total
ethanol production costs, it is a challenge to make fur-
ther significant gains [9].
Sugarcane cannot be stored for more than a few days,
and mills operate only during the harvest period. The
initial operations in the processing, reception, prepar-
ation, and extraction of sugarcane juice are very import-
ant due to the required investment, operational and
maintenance costs, and high energy consumption. The
traditional harvest system includes the previous burn-
ing of the sugarcane crop and the manual cutting of
the whole stalk. This is being progressively substituted
by mechanized harvest of green chopped sugarcane,
without burning [10,14]. The transportation system is
based on trucks. After the sampling of material for qual-
ity assay, the stalks are washed, if they were manually
harvested, or dry cleaned, in the case of mechanical
harvesting.
Juice extraction is made traditionally by roll mills ar-
ranged in four to seven sets or, more recently, by dif-
fusers. Both systems are efficient; nonetheless, diffusers,
if operated in their best conditions, present less energy
consumption, lower maintenance costs, and can be more
easily automatized. The main objective of the milling
process is to extract the largest possible amount of su-
crose from the cane. Besides that, the bagasse produced
feeds the boilers, which supply electricity and steam for
the process to be self-sufficient and, in some cases, can
even deliver excess electricity to the grid [15].
After extraction, the juice is filtered and chemically
treated for soluble solids and impurities removal. Subse-
quently, the juice is evaporated to balance its sugar con-
centration, generating a sugary solution which is ready
to be fermented.
The Brazilian fermentation process has been signifi-
cantly improved during the years, increasing from 82%
of theoretical stoichiometric rate conversion in 12 to
16 h to a current average of 90.5% in 8 to 9 h [16]. The
most common fermentation process in Brazil is charac-
terized by the use of very large tanks (0.5 to 3 million L)
and intensive recycle of the yeast cells (>90%), resulting
in considerably high cell density inside the fermenter
(10%w/v to 17%w/v, wet basis), which contributes to
the very short fermentation time [17]. Around 85% of
these distilleries operate in fed-batch processes, and just
15% in continuous fermentation processes [18]. Ethanol
plants traditionally utilized baker's yeast as starter cultures,
because of its low cost and availability. However, as the fer-
mentation conditions are very stressful (high temperature,
high ethanol concentration, osmotic stress due to sugar
Figure 1 Flowchart of sugarcane ethanol production in Brazil.
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culture is unable to compete with indigenous yeasts that
contaminate the industrial process. For this reason, in the
last 15 years, most part of mills have been using strains
previously selected in the same mills, as BG-1, CAT-1,
PE-2, and SA-1. After fermentation, the yeasts are recov-
ered and treated with sulfuric acid to be reused in fermen-
tation, while the wine is sent to distillation [19,20].
In distillation, ethanol is initially recovered in hydrated
form (96° GL), producing vinasse or stillage as residue,
at a ratio of 10 to 13 L per liter of hydrated ethanol pro-
duced. This vinasse is now managed as a soil nutrient
source, and its application has been optimized within
environmental control limits [21]. Hydrated bioetha-
nol can be stored as final product or may be sent to
the dehydration process, as it is an azeotropic mix-
ture and its components cannot be separated by dis-
tillation only. The most commonly used technology in
Brazil for this purpose is dehydration with addition of
cyclohexane, forming a ternary azeotropic mixture. The
second method, of more recent industrial use, is extract-
ive distillation with monoethyleneglycol (MEG), which
stands out as provider of lower energy consumption. The
third method is dehydration by adsorption with molecu-
lar sieves [10].
Even with this very efficient process and high produc-
tion of sugarcane, Brazil has been importing ethanol. In
season 2012/2013, the imported amount was 302 million
L, mostly from the USA. For this reason, complementary
cultures to sugarcane are being studied, as sweet sor-
ghum, which could be produced off season, and cellu-
losic ethanol, from cane bagasse or from dedicated crops
as tropical forages.Deconstruction of lignocellulosic biomass and its uses
Cellulosic biomass can be obtained from products and
byproducts of forest and wood industries, agricultural
and energy crop residues, and grasses. The plant cell
wall is composed mainly by polymers as cellulose, lignin,
and hemicellulose. In general, cellulose polymer is the
most abundant, representing from 34% to 50% of dry
weight, followed by hemicellulose (19% to 34%) and lig-
nin (11% to 30%) [22]. The proportion of each polymer
in lignocellulosic biomass varies considerably among
plant species as well as within the same species, being
dependent on the tissue type, environmental factors, and
developmental stage [23].
The deconstruction of lignocellulosic biomass is based
on the hydrolysis of polysaccharides and degradation of
lignin. Hydrolysis of polysaccharides generates simple
sugars that can be fermented into ethanol or can be
transformed in chemicals. The degraded lignin also can
be used to produce fuels and chemicals. Its main steps
are pretreatment and enzymatic hydrolysis.
Pretreatment of lignocellulosic materials is an essential
step in the deconstruction of physical and chemical
barriers that make the material resistant to enzymatic
hydrolysis. Pretreatment can break down lignin and hemi-
cellulose bonds, disrupt the crystalline arrangement of cel-
lulose, increase digestibility and cell wall porosity, and
improve accessibility to enzymes during hydrolysis [24].
For the pretreatment of lignocellulose, chemical, phys-
ical, biological, or combinations of these methods can be
used, depending on the required degree of separation
and the intended purpose of the process. Examples of
types of pretreatment are steam explosion, acid hydroly-
sis, alkaline treatment, and biological treatment.
Figure 2 Number of publications from 2010 to 2013. The
publications were displayed after a search on Web of Science,
using ‘Brazil’ as address and ‘enzymatic hydrolysis’ and ‘biomass’
as topics [29].
Figure 3 The top five countries publishing on the topics
‘second-generation ethanol’ or ‘lignocellulosic ethanol’. This
data is according to a search on Web of Science [29].
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two types: hydrolytic and oxidative systems. The first
group makes the hydrolytic degradation of polysaccha-
rides, cellulases and hemicellulases mainly, and the oxi-
dative promotes lignin degradation [23,25,26].
Fuel ethanol is the most studied product from decon-
structed biomass. Hydrolysis of cellulose generates glu-
cose that is readily fermentable. However, hydrolysis of
hemicellulose mainly provides pentoses (xylose and
arabinose), carbohydrates that cannot be directly ferment-
able by wild Saccharomyces cerevisiae strains. The biocon-
version of these pentoses into ethanol is one of the most
important challenges to enable the lignocellulosic ethanol
production. Besides that, hemicellulose releases hexoses
such as glucose, mannose, and galactose.
Besides ethanol, sugars generated by biomass decon-
struction can also be used to produce building block
chemicals via biological or chemical conversions. Build-
ing blocks are molecules with multiple functional groups
that can be subsequently converted to a number of high-
value bio-based chemicals or materials. Examples of
sugar-based building blocks are levulinic acid, lactic acid,
succinic acid, glycerol, sorbitol, and xylitol [27].
The degraded lignin also can be recovered and used in
(a) thermochemical processes for the production of en-
ergy and fuels, such as combustion, gasification, and pyr-
olysis; (b) production of macromolecules as carbon fiber,
polymer modifiers, adhesives, and resins; and (c) produc-
tion of aroma chemicals such as phenol, toluene, syrin-
gil, guaicyl, and benzene [28].
Over the last years, many research institutes in Brazil
have been working on biomass deconstruction, and the
number of published papers has increased every year. In
a search on the website Web of Science, using ‘Brazil’ as
address and ‘enzymatic hydrolysis’ and ‘biomass’ as
topics, 128 papers were displayed. In 2010, only 13 pa-
pers were published in Brazil, but in 2013, the number
of papers was 50, i.e., it increased more than three times
(Figure 2). The majority of the papers are related to lig-
nocellulosic ethanol production. Institutions that publish
most in this field in Brazil are University of São Paulo,
State University of Campinas, and Federal University of
Rio de Janeiro [29].
In another search on the Web of Science, using ‘Brazil’
as address and ‘second generation ethanol’ or ‘lignocellu-
losic ethanol’ as topics, 210 papers were found. Brazil
appears as the third country that publishes most in this
subject (despite representing only 6.4% of all papers
published), after USA and China (Figure 3). The majority
of the papers are related to the production and utilization
of enzymes for enzymatic hydrolysis of biomass, followed
by biomass pretreatment. Brazilian institutions that publish
most in this field are São Paulo University, State University
of Campinas, Federal University of Rio de Janeiro, FederalUniversity of São Carlos, and Brazilian Bioethanol Science
and Technology Laboratory (CTBE) [29].
In Brazil, in addition to researches developed in uni-
versities, there are some research institutes that study
biomass processing and its utilization. Examples are
Sugarcane Technology Center (CTC), CTBE, and Brazil-
ian Agricultural Research Corporation (Embrapa). CTC
and CTBE work mostly with sugarcane and its products.
Embrapa develops research in different biomass breeding
and processing.
The first company of commercial cellulosic ethanol
production in Brazil is GranBio, a Brazilian biotechnology
industrial company. This company licensed PROESA tech-
nology from Vercelli, Italy. The facility, which is being in-
stalled in Alagoas, will have the capacity of 82 million L of
ethanol per year and should start in 2014 [30,31].
The PROESA technology focuses on obtaining high-
quality fermentable sugars (xylose and glucose) for etha-
nol and other chemical production. The company Beta
Renewables (Tortona, Italy) is in charge of the develop-
ment and licensing of the technology.
Figure 4 Percentages of raw materials used in the production
of Brazilian biodiesel in 2013 [35].
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are: 1) steam pretreatment (smart cooking); 2) enzymatic
hydrolysis; and 3) fermentation using an engineered
strain to convert C5 and C6 sugars into ethanol. The
lignin removed by the process can be used for energy
generation.
Another initiative in Brazil to produce second-generation
ethanol on a commercial scale has been implemented by
Raizen Energia S/A (São Paulo, Brazil). The company will
use Iogen Energy's technology (Ottawa, Canada), which is
similar to that of PROESA's. The main difference be-
tween them is that the latter uses simultaneous sac-
charification and fermentation, while Iogen's technology
has separated saccharification and fermentation. The
plant will be located in Piracicaba (São Paulo) and may
produce up to 40 million L of second-generation etha-
nol a year. The ethanol production should start in 2014
[32,33]. Despite researches and industrialization initia-
tive on the theme of deconstruction and use of biomass,
studies on synthesis of high-added-value bioproducts are
still needed, in order to allow better use of all biomass
components.
Biodiesel production by enzymatic route
The Brazilian biodiesel production has increased since
2005 and reached more than 2.9 million m3 in 2013
[34]. In an industry that is still in consolidation process,
the ranking of the leading producers of biodiesel in the
world varies from a year to the other. In 2012, Brazil
was the third largest world producer of biodiesel, over-
come by the USA and Germany.
Blending of 5% of biodiesel into petrodiesel (B5) be-
came mandatory in Brazil in 2010. Since this year, oil
and biodiesel producers have expected an increase in
this percentage. In June 2014, the Brazilian government
announced the extension of this blending to 7% (B7)
until the end of this year. This new overview can increase
the opportunity for expansion of biodiesel production and
consumption.
Soybean is the main raw material used to produce bio-
diesel worldwide, while canola is the second one and
palm oil, which consumption has increased over the last
few years, ranked as third [34]. The Brazilian scenario is
different: soybean is the first raw material, bovine fat is
the second, and the remainder positions are occupied by
diverse sources, as cottonseed, frying oil, and palm oil
[35].
Figure 4 presents the contribution of each oil source
used in the Brazilian biodiesel production in 2013 [35].
Soybean is the main raw material used.
Despite the differences between the raw materials used,
chemical transesterification is the route applied worldwide
in commercial biodiesel production, using vegetable oil or
fat, methanol and chemical alkaline catalyst. However,there are several advantages of the use of enzymatic ca-
talysis for biodiesel production. Lipases can esterify the
free fatty acids contained in frying oils and animal fats,
which allow being more technically feasible than chemical
route. Additionally, glycerol from biodiesel production can
be easily recovered without complex treatment, the en-
zyme may be recycled, and the process requires less en-
ergy and has significant reduction in the amount of waste
generated [36,37].
Despite the advantages of enzymatic catalysis, there
are obstacles that prevent enzymatic process to be
used commercially for biodiesel production: the high
lipase price, the long time necessary for the synthesis
reaction of biodiesel, and possible inhibition and/or
denaturation of the enzyme by the alcohol [37,38].
There are some reports of industrial-scale production
of biodiesel by enzymatic catalysis from Lvming Co.
Ltd. and Hainabaichuan Co. Ltd., both companies in
Shanghai, China [39], and some companies as Novozymes
(Bagsvaerd, Denmark) [40] and the Transbiodiesel Ltd.
(Shfar-Am, Israel) [41] have invested in search for biocata-
lysts to biodiesel production.
On January 2014, the American Blue Sun Energy Com-
pany (Greensboro, NC, USA) inaugurated a commercial-
scale plant, in St. Joe, Missouri, using enzymatic biodiesel
processing technology developed by Novozymes. This
plant has a production capacity of 135,500 m3 per year of
biodiesel. This is the first commercial-scale plant in the
world [42].
Many Brazilian teams in universities and in research
institutes, including Embrapa Agroenergy, Alberto Luiz
Coimbra Institute-Graduate School and Research in En-
gineering (COPPE), and University of São Paulo, have
carried out works aiming to develop biotechnological
route for the production of biodiesel. The major chal-
lenges to establish a commercial route are the produc-
tion of resistant lipase to severe conditions of biodiesel
production medium and the reduction of lipases produc-
tion cost.
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Species of microalgae as Chlorella vulgaris, Spirulina
platensis, Dunaliella salina, and Haematococcus pluvia-
lis are commercially cultivated in small and medium
scales, with production in the range of tens to hundreds
of tons of biomass per year, in a total world production
of about 10,000 tons/year [43]. There are numerous
commercial applications of microalgae, such as enhan-
cing the nutritional value of food and animal feed, aqua-
culture, and cosmetics. Moreover, they are cultivated as
a source of highly valuable molecules as polyunsaturated
fatty acid oils (PUFA), which can be added to infant for-
mulas and nutritional supplements and as pigments to
be used as natural dyes [44,45].
In recent years, microalgae have become a focus in
biofuel research, mainly as source of oil for biodiesel
production or for direct production of metabolites as hy-
drocarbons and ethanol. A number of attempts have
been made to produce algae for biofuel commercially
worldwide.
Microalgae research and production in Brazil started
in 1970, and currently, the only commercial production
is for aquiculture, in several small-scale companies mostly
in the northeastern region of the country [46]. Nonethe-
less, Brazil has a great potential for large-scale microalgae
production, given its large tropical coastal area. Several
research efforts on the isolation, characterization, and
domestication of highly productive algal strains from
Brazilian biodiversity are currently under way, mostly
with focus to biodiesel production [47]. Additionally, two
commercial plants have been announced in 2012. (i) One
of them, Solazyme Bunge Renewable Oils (San Francisco,
CA, USA), is a joint venture of Solazyme Inc. with Bunge
Global Innovation (White Plains, NY, USA), the first
commercial-scale renewable oil production facility, adja-
cent to Bunge's Moema sugarcane mill in São Paulo state.
Their process is based on the transformation of a range
of low-cost plant-based sugars into high-value oils using
genetically transformed microalgae, initially into three
target markets: fuels and chemicals, nutrition, and skin
and personal care [48]. (ii) The other, See Algae Technol-
ogy (SAT; Vienna, Austria), is an Austrian developer of
equipment for the commercial production of algae, with
JB which a Brazilian ethanol producer group. The plant
will produce algal biomass from natural and genetically
modified strains of algae, using reactors of up to 5 m in
height, with a solar prism that transfers light to reactors
through optical fibers, connected to the chimneys of the
sugarcane mill nearby using the carbon dioxide generated
by the fermentation process to feed the algae. One of the
products planned for this process will be feedstock for
animals, providing an alternative to soybeans. The process
also yields algal lipids that can be used to make biodiesel
and biochemicals [49].Albeit microalgal biofuels have the potential to be far
superior to biofuels derived from terrestrial plants and
have the potential to be produced sustainably [50], signifi-
cant improvements in the efficiency, cost structure, and
ability to scale up algal growth and lipid extraction must be
made to produce commercially viable biofuel [51].
Conclusions
Among the bioprocesses presented, only sugarcane etha-
nol production is currently applied in commercial scale
in Brazil. Indeed, the country is the second largest pro-
ducer of ethanol in the world, and the first-generation
technology process is carried out for this production using
sugarcane as feedstock. Regarding the economic, environ-
mental, and energy aspects, it represents the best alterna-
tive for this biofuel production. However, the amount of
ethanol is insufficient to supply domestic demand. In order
to solve this problem, two strategies are being evaluated:
use of other raw materials to produce first-generation etha-
nol and the production of cellulosic ethanol from different
biomass using second-generation technology.
There are many companies producing enzymes for
biomass deconstruction and biodiesel production by en-
zymatic route. Several universities and research institutes
have been screening microorganisms and optimizing bio-
process for the development of enzyme cocktails technic-
ally and economically feasible. However, there are still
some challenges in enzyme cost reduction and in the
improvement of activity and stability of these enzymes,
mostly in severe conditions.
The use of microalgae for biofuel production has also
been evaluated worldwide. Brazil has characteristics such
as climate, nutrients, and CO2 sources which are important
to establish this process. Nevertheless, significant improve-
ments must be made to produce commercially viable bio-
fuels from this feedstock.
Certainly, the best opportunity to turn the advanced
technologies described in this paper into a commercial
reality is to work in a biorefinery context using all feed-
stock to generate a diversity of products as biofuels, bio-
products, and energy.
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